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Abstract 
With sensor-based demand-controlled ventilation (SBDCV), the rate of ventilation is modulated over time based on the signals from indoor 
air pollutant or occupancy sensors. SBDCV offers two potential advantages: better control of indoor pollutant concentrations, and lower 
energy use and peak energy demand. Based on theoretical considerations and on a review of literature, SBDCV has the highest potential to 
be cost-effective in applications with the following characteristics: (a) a single or small number of pollutants dominate so that ventilation 
sufficient to control the concentration of the dominant pollutants provides effective control of all other pollutants; (b) large buildings or 
rooms with unpredictable temporally variable occupancy or pollutant emission; and (c) climates with high heating or cooling loads or locations 
with expensive energy. At present, most SBDCV systems are based on monitoring and control of carbon dioxide (CO,) concentrations. There 
is a limited number of well-documented case studies that quantify the energy savings and the cost-effectiveness of SBDCV. The case studies 
reviewed suggest that in appropriate applications, SBDCV produces significant energy savings with a payback period typically of a few years. 
0 1998 Elsevier Science S.A. All rights reserved. 
Keywords: Demand-controlled; Energy; Indoor air quality; Sensors; Ventilation 
1. Introduction 
The quality of the indoor environment depends upon a 
number of factors including the concentrations of a variety 
of gaseous and particulate pollutants in the indoor air. These 
air pollutants may enter the building with outside air or may 
be generated internally. For indoor-generated pollutants, 
indoor concentrations often substantially exceed the back- 
ground outdoor concentrations. 
One class of indoor air pollutants of importance to sensor- 
based demand-controlled ventilation (SBDCV) are the 
bioeffluents emitted by occupants which influence the accept- 
ability of the air. Carbon dioxide ( COZ) is one of the bioef- 
fluents. Humans are normally the main indoor source of COZ, 
leading to an increase of indoor concentrations relative to the 
outdoor levels. The outdoor CO, concentration is approxi- 
mately 350 ppm and indoor concentrations are usually in the 
range of 500-2000 ppm. At these concentrations, CO2 is not 
thought to be a direct cause of adverse health effects; how- 
ever, CO2 is an easily measured surrogate for other occupant- 
generated pollutants, such as body odors. The indoor CO, 
concentration is often used as an indicator of the rate of 
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outside air supply per occupant, although it is an imperfect 
indicator [ 11. The minimum ventilation rates in the current 
version of ASHRAE Standard 62 ‘Ventilation for Acceptable 
Indoor Air Quality’ are selected, in part, to maintain indoor 
CO* concentrations below 1000 ppm [ 21. 
Water vapor is generated indoors due to human metabolism 
and human activities as well as from unvented combustion. 
The generally accepted range in relative humidity for human 
comfort is approximately in 25-60s [ 31. The implications 
of high humidity for human health and for the growth of 
indoor microorganisms are complex and controversial [ 4,5]. 
The indoor air typically contains dozens of volatile organic 
compounds ( VOCs) at measurable concentrations. VOCs are 
emitted indoors by building materials, furnishings, equip- 
ment, cleaning products, combustion activities, human 
metabolism, and perfumes. The outdoor air also contains 
VOCs that enter buildings. Some VOCs are suspected or 
known carcinogens. Some VOCs have unpleasant odors or 
are irritants. The total volatile organic compound (TVOC) 
concentration, often used as a simple, integrated measure of 
the VOCs, is the total mass of measured VOCs per unit 
volume of air, exclusive of very volatile (e.g., formaldehyde) 
organic compounds. Laboratory studies in which humans 
have been exposed to mixtures of VOCs under controlled 
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conditions [6,7] have documented increased health symp- 
toms at TVOC concentrations of the order of milligrams per 
cubic meter of air. As an indicator of health effects, the TVOC 
concentration is inherently flawed because the potency of 
individual VOCs to elicit irritancy symptoms varies by orders 
of magnitude [8]. The potency for other potential health 
effects such as cancer is also highly variable among com- 
pounds. Despite these limitations, unusually high TVOC con- 
centrations, above 1 or 2 mg m-3, may provide an indication 
that adverse health effects from TVOCs are likely. 
Particles are present in outdoor air and are also generated 
indoors from a large number of sources including tobacco 
smoking and other indoor combustion processes. Some par- 
ticles may be generated by indoor equipment (e.g., copy 
machines and printers). Mechanical abrasion and air motion 
may cause particle or fiber release from indoor materials. 
Particles are also produced by people. For example, skin 
flakes are shed and droplet nuclei are generated from sneezing 
and coughing. Particles may contain toxic chemicals. Some 
particles, biologic in origin, may cause allergic reactions or 
be a source of infectious disease. Of particular concern are 
the particles smaller than approximately 2.5 pm in diameter, 
which are more likely to deposit deep inside the lungs [ 91. 
At equilibrium, indoor pollutant concentrations depend on 
the outdoor concentration, on indoor pollutant source 
strengths and on the total rate of pollutant removal. For many 
indoor-generated air pollutants, ventilation with outside air 
is usually the dominant pollutant removal process. Local 
exhaust ventilation is often used near concentrated pollutant 
sources to minimize the transport of pollutants from these 
sources to surrounding indoor areas. General ventilation, i.e., 
ventilation that occurs throughout the building or zone, 
improves the indoor environment by diluting and removing 
the indoor-generated pollutants with outside air. Although 
general ventilation is often the dominant process of indoor 
pollutant removal, pollutant source control and local venti- 
lation are usually more energy efficient and effective options 
for controlling indoor air quality and should be used to reduce 
the required quantity of general ventilation. General ventila- 
tion is still required in virtually all buildings because build- 
ings contain some spatially-distributed indoor pollutant 
sources that cannot be eliminated. The technique of SBDCV 
is usually applied to general ventilation (hereinafter general 
ventilation is called ventilation). 
2. Influence of ventilation rate on indoor pollutant 
concentrations 
To properly apply SBDCV, it is necessary to have ageneral 
understanding of equilibrium relationships between ventila- 
tion rate and indoor air pollutant concentrations and also an 
understanding of the nature of the temporal response of 
indoor pollutant concentration to a change in ventilation rate. 
To illustrate these relationships, we start with a transient 
model for a pollutant in a building or zone with thoroughly 
mixed indoor air, a stable indoor pollutant emission rate that 
is independent of the indoor pollutant concentration, and a 
constant rate of ventilation. Many previous papers have pre- 
sented such models (e.g., Refs. [ 1, 10,111) . The rate of pol- 
lutant removal by radioactive decay or chemical reaction 
within the indoor air is assumed to be negligible. The mass 
balance equation is 
dC G 
-Z-v - - + A ” c,,,, 
-A$-a+- 
where C is the indoor concentration, t is the time variable, G 
is the indoor pollutant generation rate, V is the indoor air 
volume, A, is the air exchange rate (outside air flow divided 
by indoor air volume), C,,, is the outdoor concentration, vd 
is the deposition velocity for the pollutant, S is the area of 
surfaces on which indoor pollutants are removed by deposi- 
tion, Q,, is the rate of air flow through an air cleaner, and E,, 
is the efficiency of the air cleaner. The deposition velocity, 
vd, may be a function of several building characteristics such 
as indoor air velocities, the nature of indoor surfaces, and the 
prior exposures of surfaces to pollutants [ lo]. For simplicity, 
we have used a form of the equation that is appropriate for 
situations when only recirculated indoor air (not a mixture 
of outside and recirculated air) passes through the air cleaner. 
This paper provides only a few examples of modeled rela- 
tionships between ventilation rate and indoor pollutant con- 
centration. Additional examples are provided in the report on 
which this paper is based [ 121. 
At equilibrium, if the ventilation rate is expressed as a flow 
rate per person (Qperson , ) the pollutant emission rate is a per 
person value ( Gpzrs,,,,), v,, is negligible, and there is no air 
cleaning, Eq. ( 1) reduces to 
(2) 
Fig. 1 presents an example of the application of Eq. (2) for 
predicting equilibrium indoor carbon dioxide concentrations 
in an office setting. The relationship depicted in Fig. 1 is often 
used to establish the CO2 concentration setpoint in SBDCV 
systems; however, this relationship must be used with caution 
5.0 10.0 15.0 
Ventilation Rate (L se’ per person) 
Fig. 1. Equilibrium relationship between indoor carbon dioxide concentra- 
tion and ventilation rate on Eq. (2). A carbon dioxide generation rate of 
0.30 1 min ’ per person and an outdoor concentration of 350 ppm were 
assumed. 
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Fig. 2. Example time history of CO, conczntration inside an office building. 
because carbon dioxide concentrations often do not reach 
equilibrium in office buildings. For example, Fig. 2 shows an 
example of the actual measured time history of indoor COT 
concentration in an office building. Through inspection of 
the figure, it is evident that CO2 concentrations never stabi- 
lized at an equilibrium value. Thus, measured peak CO2 con- 
centrations often cannot be used to determine rates of outside 
air supply per occupant. 
SBDCV systems must respond to changes in indoor pol- 
lutant generation through appropriate adjustment of ventila- 
tion rates. When pollutant source strengths change or 
ventilation rates are increased or decreased, indoor pollutant 
concentrations will decrease or increase over time until a new 
equilibrium concentration is attained. The nature of the 
response can be derived from the transient version of the 
mass-balance equation. For simplicity, we consider only sit- 
uations with no pollutant deposition or air cleaning, with 
perfect mixing of the indoor air, and with a constant pollutant 
source strength. For these conditions, the solution to Eq. ( 1) 
is 
C=Cquil+ (C(0) -Cequil)e-h’r (3) 
with initial condition C( 0) and equilibrium concentration 
G/V 
4 
If 
C’ =c-c,,, 
Eq. (3) becomes 
(5) 
cI=Cequil’+(C’(0) -Cequil’)e-h’t (6) 
If the indoor and outdoor concentration are identical 
( C’ (0) = 0) at time equals 0 and a pollutant source is intro- 
duced in the building 
C’ -=l-e-U 
Cequilr 
(7) 
Eq. (7) indicates that the time to attain an equilibrium con- 
centration after the introduction of (or step change in) a 
pollutant source (e.g., people) in a building depends on the 
air exchange rate of the building. The reciprocal of the air 
exchange rate is called the nominal time constant. If the air 
change rate is 1 hh ‘, a typical minimum value for an office 
building, the nominal time constant for the ventilation process 
equals 1 h. During one nominal time constant after the intro- 
duction of a pollutant source inside the building, the pollutant 
concentration difference (indoor concentration minus out- 
door concentration) will increase to 63% of the equilibrium 
pollutant concentration difference, After two and three time 
constants, the indoor pollutant concentration difference will 
increase to 86% and 95%, respectively, of the equilibrium 
value. The response of indoor pollutant concentration to a 
step change in air exchange rate, with a constant indoor pol- 
lutant source, is indicated by Eq. (6). In Fig. 3, the predicted 
concentration time history is illustrated for air exchange rates 
of 2 h ~ ’ and 3 h- ’ , assuming the outdoor pollutant concen- 
tration is negligible, the initial air exchange rate is 1 h- ‘, G/ 
V equals unity, and the initial indoor concentration before the 
step change is at the equilibrium value for the ventilation rate 
of 1 hh’. 
3. Basics of SBDCV 
In most buildings, occupancy and indoor pollutant emis- 
sion rates vary with time but minimum ventilation rates are 
constant (except for unintentional changes in minimum ven- 
tilation with time). With SBDCV, the rate of ventilation is 
automatically varied to compensate for the changes in pol- 
lutant generation or occupancy. Pollutant or occupancy sen- 
'.* r-1 
cf Assumptions: GN = 1 h” 0.2 -- curve 2 
At 1x0, C is at equilibrium 
CM=0 
07 
0 1 3 4 
Time After Increase in 
A2ir 
Exchange Rate(h) 
Fig. 3. Predicted time history of pollutant concentration after ventilation rate 
is from 1 hK’ to 2 h-l (curve 1) or 1 h-’ to 3 h-l (curve 2). 
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sors are used to determine the need for outside air. SBDCV 
has the potential to improve indoor air quality by increasing 
the rate of ventilation when indoor pollutant generation rates 
are high and occupants are present. SBDCV can also save 
energy by decreasing the rate of ventilation when indoor 
pollutant generation rates are low or occupants are absent. 
SBDCV is only applicable when certain conditions apply. 
There must be a basis for selecting a maximum acceptable 
pollutant concentration, A suitable pollutant sensor with a 
real time (or near real-time) output signal is required. A 
means of automatically adjusting the outside air supply is 
required. SBDCV is likely to be much more cost effective 
when the following additional conditions apply: (a) the 
building has one or a few dominant pollutants; (b) the indoor 
pollutant emission rate of the dominant pollutant varies con- 
siderably over time; (c) the indoor pollutant generation rate 
is somewhat unpredictable, otherwise ventilation rates could 
simply be programmed to vary over time; and (d) energy 
costs are high due to severe climates, high energy prices, or 
large flow rates of outside air. 
Recently with the development of less expensive and 
higher performance pollutant sensors, SBDCV is becoming 
increasingly attractive. The investment required to install 
SBDCV depends on the existing ventilation type. In buildings 
that already have variable air volume ventilation with digital 
controls, CO,-based ventilation control requires little addi- 
tional investment (typically a few thousand dollars) per zone 
controlled. If extensive installation of flow-control hardware 
and control equipment is required to implement SBDCV, the 
required investment will be much larger. 
3.1. Use of CO2 sensors for demand-controlled ventilation 
At present, most SBDCV systems are based on monitoring 
of CO, concentrations. CO2 sensors provide a relatively inex- 
pensive way to indirectly monitor the indoor air quality com- 
ponent related to bioeffluents. The emission rates of some 
other indoor pollutants may also be correlated roughly with 
CO* emission rates. For example, VOC and particle emis- 
sions from office equipment (used by occupants) may vary 
approximately with occupancy. On the other hand, the rate 
of VOC emissions from building materials and furnishings is 
likely to correlate poorly with occupancy. 
Users of CO,-based SBDCV systems are often attempting 
to automatically control the rate of minimum outside air sup- 
ply per occupant. Current standards and codes for minimum 
ventilation rates in large buildings, such as ASHRAE Stan- 
dard 62-l 989 ‘Ventilation for Acceptable IAQ’ [ 21, list min- 
imum rates of outside air supply per occupant. The 
presumption within these standards is that the specified min- 
imum rate of ventilation per occupant is adequate for the 
control of both occupant-generated pollutants and other 
indoor-generated pollutants. Because pollutant emissionrates 
from sources other than occupants vary greatly among build- 
ings, this presumption can lead to IAQ problems. A proposed 
revision to ASHRAE Standard 62 [ 131 specified minimum 
ventilation rates that are the sum of minimum ventilation rates 
per occupant and minimum ventilation rates per unit floor 
area. 
In buildings with a high occupant density, it is more likely 
that the prescribed minimum rates of outside air supply per 
occupant also result in acceptable concentrations ofpollutants 
not generated by occupants. For this reason, the use of CO2 
sensors to control outside air is particularly attractivein build- 
ings or rooms with a high occupant density, e.g., auditoriums 
and meeting rooms. 
As illustrated in Fig. 1, there is a direct relation between 
ventilation rates per person and steady-state indoor CO* con- 
centrations. Based on the relationship illustrated in Fig. 1, a 
control system that provides just enough outside air to main- 
tain CO2 concentrations below 1000 ppm or 800 ppm may 
be considered.’ Such a control scheme is likely to be too 
simple for many buildings. For example, in an office building 
with a low occupant density and occupancy only during the 
daytime, a few hours could elapse after the start of occupancy 
before indoor COz concentrations reach 1000 ppm. If no 
outside air ventilation was provided during this period, indoor 
concentrations of pollutants that are not generated by occu- 
pants could be excessive, leading to occupant complaints and 
health risks. To devise a control scheme for SBDCV based 
on indoor CO2 sensors, the dynamic nature of the relationship 
between occupancy, outside air supply, and CO, concentra- 
tions must be considered. Also, a judgment is requiredregard- 
ing the adequacy of the ventilation control scheme for indoor 
pollutants generated from sources other than occupants. 
Additional types of pollutant sensors may be necessary to 
assure adequate IAQ. 
There are a number of potential control strategies for using 
CO* sensors and a variety of possible locations for sensing 
the CO, concentration. Most studies have placed the sensor 
in the return air duct. The control approach described above, 
with no outside air supply (or only a small amount of outside 
air supply) before the CO, concentration reaches a setpoint 
has received the most attention. In applications or modeling 
studies, this approach is sometimes combined with an early- 
morning purge of the building to dilute pollutants that accu- 
mulated during the night [ 14,151. One other control strategy 
that has been recently proposed [ 16,171 is modulation of the 
rate of outside air supply so that it is proportional to the indoor 
rate of CO2 generation, determined from CO2 measurements 
and mass balance calculations. This strategy is attractive 
because the indoor CO2 generation rate is a much better 
surrogate for occupancy than the indoor CO, concentration. 
Although a SBDCV system, with only CO2 sensors, is 
clearly imperfect because it does not react to pollutants other 
than C02, most existing ventilation systems have no system 
for measuring or automatically controlling the minimum rate 
of outside air supply. An imperfect SBDCV system based 
I The SBDCV system will typically regulate the minimum outside air 
supply. Economizer controls may increase outside air quantities during per- 
iods of mild weather. 
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solely on CO, sensors may still be superior to the current 
practice which can lead to both excessive and inadequaterates 
of minimum outside air supply. 
3.2. Use of VOC and CO2 sensors 
CO2 sensors do not respond to indoor pollutant emissions 
that are unrelated to occupancy such as the emissions from 
building materials and furnishings. Thus, in buildings where 
the human pollutant load is not dominant, CO,-based SBDCV 
could lead to insufficient ventilation. Consequently, there is 
an interest in the use other gas pollutant sensors, primarily 
VOC sensors, often in conjunction with CO2 sensors. The 
cost of VOC sensors is decreasing and the performance, e.g., 
sensitivity and stability, is improving; however, existing 
VOC sensors may still have an inadequate sensitivity and 
stability. Additionally, the appropriate use of VOC sensors is 
complicated because there is a high variability in the potency 
of different VOCs to cause health effects and because maxi- 
mum acceptable VOC concentrations, for mixtures of VOCs, 
have not been established. 
There is evidence that TVOC concentrations exceeding a 
few milligrams per cubic meter are likely to lead to health 
symptoms [ 6-81; however, lower concentrations are not nec- 
essarily acceptable. One of the initial opportunities for use of 
VOC sensors in SBDCV is to ensure that VOC concentrations 
do not exceed some relatively high level. This type of control 
system might reduce complaints during periods of temporary 
high indoor VOC emission rates, such as the high emission 
rates associated with painting or installation of carpeting. 
3.3. Use of other types of sensorsfor SBDCV 
In residential buildings relative humidity sensors have been 
used for ventilation control, but they only are effective for 
moisture control. Other residential pollutants are not well- 
correlated with humidity. 
In buildings with variable occupancy schedule, but where 
the number of occupants during the period of occupancy is 
relatively stable (e.g., some classrooms), occupancy sensors 
may provide the most cost-effective solution for SBDCV. 
The occupancy sensor would increase ventilation from a low 
value to a fixed higher value during periods of occupancy. 
Particle sensors might be used to control ventilation rates 
in buildings or rooms (e.g., smoking lounges) with high 
particle generation rates. Unfortunately, most high quality 
real-time particle sensors cost several thousand dollars. One 
manufacturer [ 181 markets a solid state sensor that responds 
to gaseous components of cigarette smoke and the manufac- 
turer provides some information on the response of the detec- 
tor in environments with smoking. Faulkner et al. [ 191 used 
a low cost (US$2500) optical particle counter in a system 
that automatically modulated air recirculation rates (thus air 
filtration rates) in a clean room, but this instrument is too 
expensive for use in most normal indoor environments. The 
cost of instruments that use light scattering to measure particle 
concentrations in real time is decreasing, thus, cost-effective 
particle sensors may be available in the future. 
3.4. Potential injkuence of SBDCV on energy use 
One of the major driving forces for SBDCV is the fact that 
higher outside-air ventilation rates can increase building 
energy use, the required HVAC equipment capacities, and 
the associated energy and equipment costs. Computer models 
have been used to examine the relationships between outside 
air ventilation rates and energy use [ 20-251. The findings 
vary with the type of building, type of HVAC system, occu- 
pant density, and climate. For example, if minimum ventila- 
tion rates are reduced from 10 1 s - ’ (20 cfm) per occupant 
to 5 1 s- ’ ( 10 cfm) per occupant, the estimated savings in 
HVAC energy (i.e., fan, heating and cooling energy) vary 
from negligible to approximately 50%. In office buildings 
with HVAC systems that have an economizer, increasing or 
decreasing the minimum ventilation rates from approxi- 
mately 10 1 s- ’ (20 cfm) per occupant to 2.5 1 s- ’ (5 cfm) 
per occupant is likely to change total I-WAC energy use by 
only a few percent to 10% [ 20,21,24,25]. The larger energy 
savings are expected in buildings with a high and variable 
occupant density (e.g., sports arenas, auditoriums, court- 
rooms, theaters, etc.) located in a severe climate. 
The potential energy savings cited above are model pre- 
dictions for large buildings that supply a mixture of outside 
and recirculated air. In buildings that supply 100% outside 
air to the conditioned space, larger savings would be 
expected. In these buildings, fan energy savings will be espe- 
cially significant because fan power increases approximately 
with the cube of the flow rate. Thus a modest decrease of 
20% in the air flow translates into 50% fan energy savings. 
However, in buildings that supply a mixture of outside and 
recirculated air, SBDCV will have only a small influence of 
supply flow rates and fan energy. 
Presently, the rates of outside air supply to most large 
buildings is rarely measured and poorly controlled. The lim- 
ited available data suggests that many U.S office buildings 
have minimum ventilation rates substantially above or below 
the rates specified in ventilation codes (e.g., Refs. [ 26-291). 
The practice of setting minimum rates at a level necessary 
for the highest anticipated occupancy will often lead to ven- 
tilation rates above the levels specified in codes. SBDCV 
offers the potential to save energy in over-ventilatedbuildings 
and to improve IAQ (with some increase in energy use) in 
under-ventilated buildings. 
3.5. Real-time control of electricity demand combined with 
SBDCV 
To reduce use of electricity when electricity costs are high- 
est, SBDCV systems may be used in conjunction with the 
energy management systems (EMS) that are increasingly 
common in medium-size and large commercial buildings. 
EMS use a network of sensors to obtain real time data on the 
40 W. J. Fisk, A. T. De Almeida /Energy and Buildings 29 (1998) 3545 
Table 1 
Suggested characteristics for pollutant sensors used for SBDCV 
Pollutant Typical range indoors Sensor Sensor Sensor Sensor required specificity Maximum period 
minimum resolution maximum drift between 
detection limit between measurements 
calibrations 
Carbon dioxide 35Ck2000 ppm (often 350 ppm I50 ppm 50 wm insensitive to temperature, 30 mitt 
< 1000 ppm RH, other gases 
maximum) 
Humidity lo%-80% RH 0.002- 10% RH 15%RH 5%RH insensitive to temperature, 30 mm 
0.015 absolute other gases 
humidity 
Particles in indoor 10-100 pg mm3 10 pg mm-’ SO.05 pg m--3 0.05 p.g me3 insensitive to temperature, 30 mitt 
spaces with (minimal smoking) gases 
minimal smoking 
Particles in smoking unknown 50 kg rn~-” <lOpgm- 10 p,g me3 insensitive to temperature, 10min 
rooms gases 
TVOC high limit 0.1-5 mg m-’ 1 mg m-” s0.2mgmm7 0.2 mg mm3 responds to total carbon for 30 min 
control only VOCs with 5O”C-250°C 
boiling point 
TVOC routine 0.1-5 mg rnmi, usually 0.04 mg mm3 O.O4mgm-’ 0.04 mg m-’ responds to total carbon for 30 mm 
control <I mgm-’ VOCs with 5O”C-250°C 
boiling point 
building operating and environmental conditions. Some large 
electricity consumers are connected with the utility through 
a phone line, in order to receive requests for reducing the 
peak electricity load, as well as to communicate present and 
forecasted demand. The building operator traditionally closes 
the link, instructing the EMS to respond to the utility signals. 
However, this current manual load shedding/shifting 
response to utility prices is too labor intensive and operation- 
ally inefficient for large-scale implementation. 
Energy management systems which can control loads in 
an automatic manner in response to real-time prices have been 
developed [ 301. Real-time prices are sent to the customer 
whose EMS can modulate some of the loads (e.g., air con- 
ditioning, ventilation, non-essential lighting), in order to 
reduce peak demand, maintaining all the essential services. 
SBDCV systems coupled with EMS could be used to mod- 
ulate the ventilation load by controlling the temperature, 
VOCs, and carbon dioxide levels within a window of accep- 
tance, whose limits may be adjusted as a function of the real- 
time prices. In theory, this strategy can save energy and sub- 
stantially decrease peak. Large commercial buildings with 
long thermal time constants, low pollutant emission from the 
building materials, building furnishings and consumer prod- 
ucts, as well as with a large volume of air per occupant, are 
the most attractive buildings for this type of ventilation 
control. 
4. Criteria for sensors used for SBDCV 
The need to control and automate industrial processes has 
led to the appearance in the market of a wide array of sensors. 
These sensors allow the monitoring and control of a large 
number of parameters, at a generally modest price. The sensor 
technologies for indoor air pollutants at present lag in terms 
of performance-to-price ratio relative to many industrial sen- 
sors. This lag may be due to the lack of a strong market pull 
for the development of mass-produced low-cost indoor air 
quality sensors. Additionally, environmental sensors for 
industrial applications are normally designed to deal with 
higher, easier to measure, pollutant concentrations than those 
present in non-industrial buildings. A review of existing and 
emerging sensor technologies for SBDCV is provided in our 
report [ 121. 
Table 1 lists suggested characteristics of pollutant sensors 
used for SBDCV in non-industrial buildings. To construct 
this table, we assumed that the sensors’ minimum detection 
limits should approximately correspond to the lower limit of 
pollutant concentrations inside buildings and that the sensor 
resolution and maximum drift between calibrations should 
be less than approximately 10% of a typical indoor pollutant 
concentration. For all sensors, we have assumed that meas- 
urements should be available at least every 30 min which is 
on the order of a typical ventilation time constant. For particle 
sensors used in smoking rooms, a faster sensor response is 
suggested. The suggested criteria in Table 1 are based sub- 
stantially on professional judgments and are intended only as 
approximate criteria. 
Suggested criteria for particle sensors are expressed in 
terms of particle mass per unit volume of air, consistent with 
the health based standards for particles. When particle sensors 
measure particle number concentration as a function of par- 
ticle size, a conversion to mass concentration is necessary 
using a typical particle density. Different performance criteria 
are suggested for control of ventilation in general indoor 
spaces, where particle concentrations are usually much less 
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that 100 kg m-3 and for control of ventilation in smoking 
rooms which may have higher concentrations. For spaces 
with minimal smoking, we assumed that the goal would be 
to generally maintain particle concentrations well below the 
concentration specified in the national ambient air quality 
standard of 75 kg rnp3 for particles with a diameter less than 
10 km. For smoking rooms, and other spaces such as bars 
with high levels of smoking, the control system would likely 
be designed to maintain particle concentrations below a 
higher setpoint, roughly comparable to the value in the 
national ambient air quality standard of 75 Fg rn- 3. 
For TVOC sensors, we also provide criteria for two appli- 
cations. The first application is the use of TVOC sensors only 
to prevent unusually high indoor TVOC concentrations (e.g., 
> 1 mg mA3) during periods of unusually high indoor VOC 
emission rate. Although the relationship between TVOC con- 
centration and health effects are poorly understood, these 
unusually high TVOC concentrations are more likely to be a 
cause of adverse health effects. The second application is the 
use of TVOC sensors, possibly in combination with CO, 
sensors, for routine control of ventilation rates. In this appli- 
cation, the sensor must be suitable for the lower TVOC con- 
centrations that typically occur indoors. Because the potential 
of different VOCs to cause irritation varies widely, theTVOC 
concentration may be a poor parameter for routine control of 
ventilation rate. 
Table 1 suggests a maximum value of sensor drift between 
calibrations. The frequency at which building operators 
would be willing to calibrate sensors is unknown; however, 
we doubt that sensors would be calibrated more than once or 
twice a year in most buildings. 
5. Case studies of SBDCV 
5.1. Limitations of existing literature and literature 
reviewed 
There is a lack of well-documented case studies describing 
in detail the IAQ performance, the energy savings, and the 
cost-effectiveness of SBDCV. Most of the literature reviewed 
provides incomplete information on savings and cost effect- 
iveness and is based on short-term studies. The literature 
involves case studies of a few days to a couple of years. No 
really long-term case studies (e.g., 10 years) are reported. 
Only a few studies included assessments of occupants’ 
ratings. 
Most of the case studies used CO* or humidity sensors to 
control the ventilation rate, thus, the literature provides very 
limited information on the use of other sensors. The case 
studies with CO,-based SBDCV generally did not include 
measurements of a broad range of pollutants. An exception 
is a comprehensive case study [ 3 1,321 that included meas- 
urements of formaldehyde and VOC concentrations. Thus, 
there are insufficient data to determine if CO1 controls cause 
problems with other pollutants, although modeling studies 
predict that elevated concentration of other pollutants are 
likely without proper precautions [ 15,331. (In a couple of 
case studies it was concluded that CO1 control is not adequate 
when there is tobacco smoking.) 
Developing general conclusions about the magnitude of 
energy savings from SBDCV is difficult because the energy 
savings can vary greatly depending on the climate, type of 
ventilation system, occupancy pattern, use of heat recovery, 
pollutant setpoint, and on the reference case used as the base- 
line for estimates of savings. Despite these limitations, the 
literature provides an indication of the likely range of energy 
savings and associated payback periods for certain types of 
buildings. 
The sources of literature reviewed are the following: ( 1) 
A state-of-the-art review of demand-controlled ventilation 
carried out by the International Energy Agency [ 341 
reviewed 3 1 papers published between 1979 and 1989. Only 
12 papers contained quantitative information on the energy 
savings achieved or payback time achieved. (2) A subse- 
quent report from the International Energy Agency [ 351 con- 
tained 13 papers on case studies of demand controlled 
ventilation implemented in different IEA Countries (seven 
studies related to dwellings). Again energy savings and cost- 
effectiveness are not always described in detail. (3) Nine 
additional recent papers on case studies were reviewed. These 
papers describe case studies in three auditoriums [36-381, 
one office building [ 3 1,321, one university restaurant [ 401, 
one sports arena [ 4 11, and one dwelling [ 421. Two of the 
papers related to auditoriums describe case studies already 
partially described in the IEA review [ 351. (4) Six papers 
[ 14-17,33,39] that describe computer modeling to evaluate 
CO,-based demand-controlled ventilation were also 
reviewed. 
5.2. Findings from case studies of SBDCV 
5.2.1. Assembly rooms 
The case studies related to assembly rooms (e.g., audito- 
riums, lecture halls, concert halls, social clubs, cinemas and 
theaters, indoor sports arenas) reported substantial HVAC 
energy savings from 11% (cinema) to over 50% (auditori- 
ums). Payback times are in the range l-3 years, with the 
exception of the cinema case study which reported a 4.8-year 
payback period. 
The cost-effectiveness of SBDCV in this type of building 
is associated with the highly variable and unpredictable occu- 
pancy pattern. Human occupancy is also the main source of 
pollutants in these building types because of the high occu- 
pant density. For example the indoor sports arena can have 
an occupancy ranging from a few hundred to 18,000 [41]. 
One added bonus of SBDCV, noted in the sports arena case 
study, is lower maintenance costs due to longer filter life. 
This type of benefit should also be realized in other types of 
buildings with SBDCV. 
CO2 sensors were used to control the ventilation rate in 
seven of the investigations. Two case studies used an IAQ 
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mixed gas sensor. The performance of the sensors was gen- 
erally described as satisfactory. In a few studies, CO, sensors 
were used for control of ventilation, and mixed gas (VOCs) 
sensors were simultaneously used to collect data on VOC 
concentrations [ 341. 
Fig. 4 shows an example of computer predictions of energy 
savings from CO,-based SBDCV in an auditorium [43] 
located in a cold climate (Norway). The reference case for 
the energy savings calculations was continuous ventilation at 
a rate sufficient to maintain CO2 below a set point with full 
occupancy of the auditorium. As expected, the predicted 
energy savings increase as the occupancy decreases below 
full occupancy. As maximum allowable concentration of CO, 
increases, energy savings decrease. 
Fig. 5 shows a strong correlation between CO, and VOC 
concentrations from a study in a lecture hall [ 341. Due to the 
high occupant density, the occupants may have been the dom- 
inant source of VOCs as well as the dominant source of CO,. 
5.2.2. Office buildings 
Three of the case studies of office buildings [ 351 involved 
only conference or board rooms (10-20 persons) within 
office buildings. CO2 ventilation control reportedly gave 
good results in these experiments, but may not be cost-effec- 
tive due to the small amount of energy used to ventilate small 
conference rooms. 
Only a few experimental studies of SBDCV applied to the 
primary office areas of large office buildings are reported in 
the literature [ 3 1,32,34]. All of the studies reported signifi- 
cant energy savings. For example, in a study within a Finish 
office [ 341, heating energy was reduced 10% to 40%. In each 
study, the SBDCV performed satisfactorily without causing 
an increase in occupant complaints. A comprehensive long- 
term experimental study [31,32] compared energy use, air 
pollutant concentrations, and occupant satisfaction with air 
quality on two nearly identical floors of an office building, 
with CO,-control of ventilation implemented on one floor. 
The CO,-based control system saved energy and appeared to 
GO2 oonoentratlon Ippm] 
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Fig. 4. Energy saving in an auditorium (University of Trondheim, Norway) 
as a function of the allowable CO, concentration (from Ref. 1431. repro- 
duced with permission). 
# number of occupants in room 
Ylq output of RNG92 rir quality controller 
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Fig. 5. Comparative measurements with a CO, sensor and amixed gas sensor 
(VOCs) in a lecture hall of Trondheim University, Norway (from Ref. 
[34], paper 87/e, reproduced with permission). 
reduce average and peak VOC concentrations. Formaldehyde 
concentrations and occupant perceptions of indoor air quality 
were similar on the two floors. 
Six papers used computer simulations to evaluate with 
CO,-control of ventilation in office buildings [ 14-17,33,39]. 
Meckler [ 391 simulated a large lo-story office building in 
five different locations (Miami, Atlanta, Washington DC, 
New York, and Chicago). The simulation results indicate 
significant heating (gas) savings and modest electricity sav- 
ings. The predicted payback times for the five cities are in the 
range 1.4-2.2 years. In other simulations, predicted reduc- 
tions in heating plus cooling coil energy for an office building 
in Madison, Wisconsin and Miami, Florida ranged from 
approximately 5% to 50% depending on the HVAC system 
type, occupancy, the assumed indoor airflow pattern, and the 
control strategy [ 14,151. 
Carpenter [ 331 performed one of the most comprehensive 
simulation-based studies of CO,-based SBDCV in office 
buildings. His simulations involved several climates and 
HVAC system types (single-zone roof-top systems, central 
multizone dual-duct systems, and central VAV systems) and 
different outside air control strategies. Energy performance 
and indoor CO2 and formaldehyde concentrations were pre- 
dicted. For the Chicago climate (results are reportedly similar 
in other climates), this simulation study indicates that savings 
in cooling energy are negligible to a few percent while savings 
in heating energy are about 5% to 30%. Cooling energy sav- 
ings are less than initially expected because the SBDCV sys- 
tem tends to provide higher quantities of outside air in the 
afternoons when outdoor temperatures are higher. The pre- 
dictions of indoor formaldehyde concentrations in this study 
are likely to be unrealistic, since the formaldehyde source 
strength was considered constant. However, the predicted 
differences between formaldehyde concentrations with and 
without CO* control should indicate the expected impact of 
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this type of ventilation control system on concentrations of 
other indoor-generated pollutants that have a relatively con- 
stant emission rate. Predicted indoor formaldehyde concen- 
trations during occupancy were higher by a factor of 1.5 to 3 
when the CO, control system was used. The higher time- 
average formaldehyde concentrations during occupancy were 
a consequence of the high concentrations in the mornings 
before CO, concentrations exceeded the control-system set- 
point and the supply of outside air was started. These predic- 
tions and similar predictions [ 151 illustrate that provision of 
no outside air until CO2 levels reach a set point could cause 
IAQ problems. A morning purge cycle with outside air has 
been explored as an option to prevent these problems 
[ 15,331. 
5.2.3. Bank 
In the bank building subject to CO, ventilation control 
[34], the estimated reduction in total HVAC energy con- 
sumption was 8%, resulting in an estimated payback time of 
2-3 years. 
5.2.4. University restaurant 
One large university restaurant (550 persons capacity) 
with CO, ventilation control showed significant energy sav- 
ings with an estimated payback of only a few months [40]. 
The reference was conventional time-clock control with ven- 
tilation provided 12 h per day at a rate sufficient for full 
occupancy. In the restaurant area there is smoking and cook- 
ing activities. For CO* concentrations above about 750 ppm, 
a good correlation was found between the outputs of the CO, 
and mixed gas sensors [ 401. 
5.2.5. Schools 
Two studies of schools subject to the application SBDCV 
were reviewed. In a Swedish study [ 351, infra-red occupancy 
sensors were used to provide the control signal for adjust- 
ments of supply air dampers that increased or decreased the 
ventilation rate. The application of SBDCV reduced venti- 
lation energy requirements by approximately 50% with a 
payback time of approximately 4.5 years. 
In one of the first investigations of SBDCV [ 341, computer 
simulations were used to evaluate SBDCV in typical U.S. 
school buildings. The simulations resulted in estimated pay- 
back periods of 3 to 4 years. 
5.2.6. University library 
The application of CO,-based SBDCV in a university 
library [ 341 produced modest results. There were significant 
differences in IAQ in different parts of the building leading 
the investigators to recommend that CO* analyzers be 
installed on each floor. Based on simulations, the estimated 
payback time was 6.3 years. A library has a variable pollutant 
load associated with occupancy, but the pollutant load asso- 
ciated with library materials (books, photocopiers) may be 
dominant. This study did not determine if CO, control 
resulted in acceptable concentrations of other pollutants. 
5.2.7. Dwellings 
Ten case studies of SBDCV in dwellings were examined 
[34,35,42]. All but one study was performed in Europe. 
Some of these case studies involved multiple dwellings. Most 
of the case studies (8 out of 10) used only relative humidity 
( RH) sensors for ventilation control due to their low cost. In 
general the performance of these sensors was reported as 
satisfactory in terms of avoiding condensation and mold 
growth, although these studies did not clearly show that con- 
densation and mold problem would have occurred in the 
absence of SBDCV. The reported energy savings range from 
0% to 60%. One study reporting a modest increase in energy 
use [42]. This very wide range reflects different types of 
dwellings, ventilation types, and climates. The use of venti- 
lation with heat recovery significantly reduced the savings. 
The reported cost-effectiveness of these systems was poor. 
Even in the case study where 50-60% energy savings were 
estimated, the estimated payback was 5-6 years. In dwellings, 
RH is poorly correlated with occupancy, thus, controlling 
ventilation based on RH will not necessarily result in 
increased ventilation when occupants are present. 
6. Conclusions 
SBDCV appears to be an increasingly attractive technol- 
ogy option for controlling indoor air quality while minimizing 
energy use and costs. Based on the review of literature and 
theoretical considerations, the application of SBDCV is more 
cost-effective in applications with the following characteris- 
tics: ( 1) A single or small number of pollutants dominate, so 
that ventilation sufficient to control the concentration of the 
dominant pollutants provides effective control of all other 
pollutants. (2) The occupancy schedule and occupancy level, 
or the activities carried out by occupants which generate 
pollutants, are variable and unpredictable. (3) Space heating 
and cooling requirements are high due to a severe climate or 
expensive energy. 
There is a limited number of well-documented case studies 
that quantify the energy savings and the cost-effectiveness of 
SBDCV. The case studies reviewed suggest that in appropri- 
ate applications, SBDCV produces significant savings with a 
payback period typically of a few years. The literature sug- 
gests that a large number of office buildings with a variable 
;md unpredictable occupancy may benefit from the applica- 
tion of SBDCV. Additionally, SBDCV can also be used to 
improve the current practice of the control of outside-air 
ventilation in office buildings, by providing a feedback loop 
to monitor and control occupant-generated bioeffluents. 
The cost-effectiveness of each application of SBDCV 
needs to be assessed as the energy savings are a function of 
the occupancy level and schedule (including occupant activ- 
ities), climatic conditions, HVAC type, building type and 
size, pollutant generation rates, and the cost of the control 
system. To decide about the application of SBDCV in a build- 
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ing, a simulation is recommended to estimate the energy 
savings and the corresponding cost-effectiveness. 
The application of SBDCV in dwellings with mechanical 
ventilation can provide some energy savings, but this appli- 
cation will often not be cost-effective due to the high cost of 
SBDCV controls and the modest air flow rates in dwellings. 
The high price and inadequate performance of many IAQ 
sensors is a key constraint to the widespread application of 
SBDCV. 
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